Sea lilies are enigmatic animals due to their scarcity and their biology is comparatively neglected. Cirri, arranged in whorls of ¢ve along the sea lily stalk, anchor and support the animal. They consist of ossicles interconnected by collagenous ligaments and by a central canal. Cirri have a welldeveloped nervous system but lack muscular cells. A light and electron microscopic study was performed to clarify the morphology of the nervous system of the cirri. Two cellular networks were found, one of neuron-like cells and one of cells ¢lled with bullet-shaped organelles. Both networks ramify throughout the cirral ossicles up to the interossicle ligaments. Mechanical tests were performed to analyse the in£uence of cholinergic agonists on the mechanical properties of these ligaments. In the tests, the cirral ligaments softened after the application of acetylcholine, muscarinic agonists and nicotinic agonists. The reaction time to muscarinic agonists was much slower than to acetylcholine and nicotinic agonists. At low concentrations, muscarinic agonists caused active development of force. No reaction to stimuli was observed in anaesthetized cirri. The data clearly establish the existence of catch connective tissue which can change its mechanical properties under nervous control mediated via nerves with cholinergic receptors. The possible sources of the observed force production are discussed and it is concluded that active contraction of collagenous ligaments causes movement of cirri.
INTRODUCTION
Crinoids are the oldest surviving group of echinoderms. One of their most enigmatic features is a lack of muscle cells in almost all parts of the body except the arms. The majority of their ossicles are interconnected by collagenous ligaments. Some investigations (Wilkie 1983; Baumiller & LaBarbera 1993; Birenheide & Motokawa 1994 , 1997 have presented evidence that the ligaments consist of catch connective tissue (CCT). CCT is an enigmatic tissue unique to echinoderms which can change its mechanical properties in seconds or minutes and which is controlled by nervous elements. An even more enigmatic property of the ligaments in crinoids is their capacity for active contraction (Birenheide & Motokawa 1996 , 1997 . Nervous control has been suggested but neither details of the innervation nor thorough investigations of the pharmacological properties of the nervous control elements have been published. Data about stalked crinoids are particularly scarce due to the inaccessibility of these deep-sea animals. This investigation gives the ¢rst detailed account of the cholinergic control of connective tissue sti¡ness in the cirri of the stalked crinoid Metacrinus rotundus.
Cirri are slender processes arranged in whorls of ¢ve along the sea lily stalk. They anchor and support the animal and consist of ossicles interconnected by collagenous ligaments. The cirri serve as a holdfast when the animal is clinging to the sea £oor or to rocks and elevates its crown into the seawater current (Baumiller et al. 1991; Birenheide & Motokawa 1994) . Wilkie (1983) found that the ligaments in the cirri of a stalkless crinoid became soft when stimulated with seawater containing excess amounts of K + ions and interpreted the results as evidence for nervous control of connective tissue sti¡ness. Birenheide & Motokawa (1995) reported that 10 ¡5 M acetylcholine added to the surrounding seawater caused immediate drastic softening of the ligaments but further data were not given. In the present study, the e¡ect of the neurotransmitter acetylcholine was tested and a dose^response curve generated. Nicotinic and muscarinic agonists were used to characterize the putative receptors in the cirri. In addition, basic morphological data were collected to help in understanding the relationship between the nervous system and ligaments.
Recently, Birenheide & Motokawa (1996) presented evidence for the existence of contractile connective tissue in the cirri of M. rotundus. We also investigated the cholinergic control of contractions of the cirral ligaments and examined the cirral joint surface to clarify whether contraction of the cells of the central canal, as proposed by Grimmer et al. (1985) , is a possible mechanism for movement of the cirri.
MATERIAL AND METHODS
Sea lilies of the species M. rotundus were caught with a net at a depth of ca. 130 m in Suruga Bay o¡ Numazu, Japan. The animals were placed in an aquarium with circulating seawater and kept at 14 8C in the dark.
For mechanical testing single cirri were cut o¡ the stalk with scissors. The proximal part was mounted in a holder so that the cirrus was held horizontally at its base and slightly curving downwards towards its tip (¢gure 1a). The distal part of the cirrus was connected to a silver chain that hung down from a load cell. The holder was mounted on the platform of a trough which was ¢xed to a stage. The vertical position of the stage was adjustable. We chose a position where the chain was straightened and no force was measured as zero position.
For forced vibration tests the load cell was mounted on a vibrator which moved vertically at a frequency of 0.3 Hz (sine wave). The cirrus was bent and fully relaxed every 3.3 s. For stress^relaxation tests the load cell was mounted on a vertically adjustable stage. At the start of the experiment, the load cell was moved upwards so that the cirrus was bent. When the resulting force reached ca. 30 mN the position of the load cell was ¢xed and the force was measured over time. In both types of experiments the forces measured by the load cell were recorded with a computer via a bridge ampli¢er.
For displacement measurements the cirri were ¢xed in a trough at one end and a thin aluminium plate of less than 1mg weight was glued onto the other end. The cirrus was positioned with the oral side down, so that contraction of the aboral ligaments would cause an upward movement against the force of gravity. Displacement was measured with an eddy current sensor which sensed movement of the aluminium plate attached to the cirrus. Using this sensor we could record movement without touching the sample during recording. The data were fed into a computer via an ampli¢er.
During the experiments the samples were immersed in arti¢-cial seawater (My-Sea, Jamarin Laboratory, Osaka, Japan). The temperature was maintained at 17^20 8C by means of a water bath.
Acetylcholine chloride (Nacalai Tesque, Japan), nicotine tartrate dihydrate (Wako Pure Chemicals Industries, Japan), TMA (tetramethylammonium chloride) (Wako Pure Chemicals Industries, Japan), muscarine chloride (Sigma Chemicals, USA) and methacholine chloride (Kanto Chemicals, Japan) were added to a bath of arti¢cial seawater from stock solutions to attain the ¢nal desired concentration. Propylene phenoxetol (1-phenoxy-2-propanol) (TCI, Tokyo, Japan) stock solution (1%) was added to arti¢cial seawater to a ¢nal concentration of 0.1%.
In our experiments we found no di¡erence between the forced vibration and stress^relaxation tests. Forced vibration tests can detect both sti¡ening and softening of a cirrus but, because force is applied from the outside, they cannot be used to detect active force production. In preliminary tests using this technique we did not detect any sti¡ening of the samples. Stress^relaxation tests allow detection of softening as well as active force production. We used this test for most of our samples because sti¡ening had not been found in the preliminary forced vibration test and because forced vibration tests would not have allowed detection of active force production.
Calculations from the stress^relaxation curves were performed using the parameters shown in ¢gure 1b. The reaction time s was calculated as the time-span between application of the chemical and the point where the stress relaxed to a value of 10% of the total relaxation. Relaxation n was calculated as a percentage of the total counterforce.
For light and transmission electron microscopy, pieces of cirri containing approximately three or four ossicles were ¢xed in 5% glutaraldehyde in 0.05 M cacodylate bu¡er (pH 8.0) including 0.05 M sucrose for 4^18 h. Post-¢xation was with 1% OsO 4 in 0.05 M cacodylate bu¡er for 2 h. After ¢xation the samples were rinsed, dehydrated and embedded in Spurr's low viscosity resin. For decalci¢cation, pieces of the embedded cirri were cut out with a fretsaw and the calcite of the ossicles was exposed by grinding with emery paper. Decalci¢cation was in 1% ethylenediaminetetraacetic acid (EDTA) solution for several days, followed by thorough rinsing and drying. Finally, the samples were again embedded in Spurr's resin. Ground sections were made by glueing a block to a glass slide and grinding it with emery paper until a thickness of ca. 100^200 mm was reached. The ground section was then mounted in Entellan mounting medium (E. Merck, Germany) and covered with a coverglass to ensure optimal transparency. Semi-thin sections were cut from the resin blocks with glass knives and stained with 1% crystal violet. Ultrathin sections were made with a diamond knife and stained with uranyl acetate and lead citrate. They were observed under a Hitachi H-300 electron microscope.
For light microscopical histochemistry, pieces of cirri ¢xed overnight in 10% formalin were rinsed, decalci¢ed in 1% EDTA (pH 7.0) and embedded in para¤n wax. For nerve staining we used the silver nitrate method of Glees (Humason 1979) the stress has relaxed to a value of 10% of the total relaxation) and degree of softening n (n 0^n1 , calculated as the percentage of the total counterforce, n 0 ).
water and air-dried. Single ossicles were mounted on holders with carbon paste and coated with gold or platinum. They were observed in a scanning electron microscope ( JEOL JSM-T220).
RESULTS

(a) Morphology
Each cirrus consists of a row of ossicles interconnected via articulations (¢gure 2a^c). Each articulation surface bears an approximately straight fulcrum. The fulcrum has a central, knob-like elevation and divides the articulation surface into an oral half and an aboral half. The halves are occupied by collagenous ligaments connecting the two ossicles. The central elevation of the fulcrum is pierced by the central canal housing a nerve and coelomic canals. Thus, adjacent ossicles are connected by ligaments and the central canal. When the cirrus moves up or down, the oral and aboral ligaments lengthen and shorten correspondingly. When the cirrus is held in its resting state, the cirrus is bent slightly downwards. From this position the cirrus can move upwards until the cirrus is straight. In that case the upper (oral) ligament is at its shortest length. Downward movement, i.e. movement in the aboral direction, is possible to a far greater degree resulting in cirri sometimes curling around each other or around holdfasts. Each ligament consists of ¢bril bundles that run into the pore space of the ossicles (¢gure 2b).
The bundles consist mainly of striated collagenous ¢brils and interspersed micro¢brils. The pore space of the ossicles contains cell bodies of juxtaligamental cells which send extensions throughout the ligament (¢gure 4a). The cells are characterized by numerous dark vesicles located throughout the cell body and processes. Sometimes another kind of process can be observed in the pore space. These processes are ¢lled with much larger dark, bullet-shaped organelles.
(i) Nervous system
The nervous system consists of a central nerve running through the central canal and branches penetrating through the ossicle. The central nerve sends o¡ four main branches in each ossicle which subsequently ramify into numerous tracts within the pore space of the ossicles (¢gure 3a). The central nerve consists of an inner part comprising nerve cells and axons and an outer part made up of cells with bullet-shaped organelles (BSO cells) (¢gure 3b,c). The inner part is subdivided into coelomic nerves and the non-coelomic nerve mass enclosing them (¢gure 3b). The coelomic nerves are located in each coelothelium of the two coelomic spaces in the centre.
Under the electron microscope, the nerve cells and axons appear to be of the usual echinoderm type with long, axon-like processes and frequent varicosities and sometimes containing dark granules. The BSO cells are similar to those described in former publications, containing numerous bullet-shaped vesicles with a content of variable electron density (¢gure 3c).
Silver staining resulted in a strong enhancement of the nerve cells and axons and their varicosities (¢gure 3d,e).
However, the BSO cells were only slightly stained so that we were able to distinguish between these two elements of the nervous system. We found that the BSO cells have slender processes which make up a similar network in the pore space as the axons, with the two networks independently (e) Micrograph of the pore space of an ossicle after silver staining. This staining reveals that the cellular network seen in the ground sections (e.g. ¢gure 4b) is in fact not one but two networks, one of neurons (black) and one of BSO cells, with the bullet-shaped organelles visible here as greyish inclusions (arrow). Scale bar, 5 mm.
ramifying through the ossicle (¢gure 3e). In ground sections one can clearly observe axon-like processes connecting with the juxtaligamental cells. The juxtaligamental cell bodies are lined up in the pore space of the ossicle at the distal and proximal edges of each ligament (¢gure 4a,b). From there they send slender processes of undetermined length among the collagen ¢brils. The processes of BSO cells can be found among the collagen ¢brils as well, although in much lower numbers than the processes of the juxtaligamental cells.
(b) Mechanical testing
In the stress^relaxation tests, the cirri developed a counterforce when bent orally, i.e. upwards in our ¢gures. The initial counterforce dropped only slightly or not at all when the cirrus was left undisturbed for several minutes. The degree of softening after the application of cholinergic agonists is summarized in ¢gure 5. The reaction times of the same reagents are summarized in ¢gure 6.
(i) Acetylcholine
At concentrations of between 10 ¡4 and 10 ¡9 M acetylcholine caused softening of the cirri (¢gure 7a). The reaction times and amount of softening of acetylcholine are summarized in tables 1 and 2. Acetylcholine did not have any e¡ect at a concentration of 10 ¡10 M, so 10 ¡9 M was considered the threshold concentration (¢gure 7b). The reaction to acetylcholine could be suppressed when treating a sample for around 2 min with the anaesthetic propylene phenoxetol. The reactivity recovered after washing the same sample in arti¢cial seawater for ca. 1h.
(ii) Cholinergic agonists
The reaction times and amount of softening of the cholinergic agonists are summarized in tables 1 and 2. We used nicotine and TMA as the nicotinic agonists. The reaction to an application of nicotine at a concentration of 10 ¡4 M was very similar to that caused by the application of acetylcholine at 10 ¡4 M. However, at a concentration of 10 ¡5 M nicotine caused much less softening than acetylcholine at the same concentration (¢gure 8a). At a concentration of 10 ¡6 M nicotine did not cause any reaction at all. At a concentration of 10 ¡4 M TMA caused a similar reaction to acetylcholine at 10 ¡4 M. However, at a concentration of 10 ¡5 M TMA caused similar softening but with a much longer reaction time than acetylcholine at the same concentration (¢gure 8b). At a concentration of 10 ¡6 M TMA did not cause any reaction at all.
We used muscarine and methacholine as the muscarinic agonists. Generally, muscarine caused slower softening and longer reaction times than acetylcholine at the same concentration (¢gure 9a). At a concentration of 10 ¡8 M muscarine did not cause any reaction at all. Similar to the e¡ect of muscarine, methacholine caused slower softening and longer reaction times than acetylcholine at the same concentration (see ¢gure 10a). At a concentration of 10 ¡8 M methacholine did not cause any reaction at all. Although statistical analysis using a Mann^Whitney U-test was possible only at concentrations above 10 ¡6 M, the reaction times for the muscarinic agonists were statistically di¡erent from those of acetylcholine at the same concentration.
After the application of concentrations of 10 ¡5 and 10 ¡6 M of muscarine or methacholine we sometimes observed a slow but steady active force production before the cirri softened (¢gure 9b). At a concentration of 10 ¡7 M both muscarinic agonists caused a slow and steady production of force over several minutes (¢gures 9c and 10b). We observed force production in 14 out of 49 experiments using muscarine and in ten out of 30 experiments using methacholine. To verify these observations we measured the displacement of cirri ¢xed at one end and free at the other end. The cirri bent upwards after the application of 10 77 M muscarine (¢gure 9d ) verifying our observation of active contraction, both force production and shortening, at such concentrations.
DISCUSSION
(a) Morphology
The nervous system of cirri has been only brie£y described before. The morphology of the nervous tissue in the central canal con¢rms the general description of Heinzeller & Welsch (1994) . It can be assumed that nervous organization is comparatively conservative during crinoid evolution and the ¢ndings can probably be generalized.
Our data documents for the ¢rst time, to our knowledge, two independent networks in the ossicles of crinoid cirri. Both networks are connected to the central nerve tissues and to processes running along the collagen ¢bril bundles of the ligaments. In this aspect the innervation of cirral ligaments is di¡erent from that of other echinoderm ligaments where juxtaligamental cells send abundant processes along the collagen ¢bres, but BSO cells are lacking entirely. Crinoid ligaments have the unique ability of active contraction (Birenheide & Motokawa 1996 , 1997 . One can speculate that the BSO cells are somehow involved in the control of ligament contraction although the details of this process must remain unresolved at this stage. Candia Carnevali et al. (1993) reported`granule cells' located around the nerve in the arm of the stalkless crinoid Antedon mediterranea. Those authors suggested that the cells serve as a kind of glia and have trophic roles, particularly during regeneration of the arm. In our study, we call the cells around the nerve`cells with bullet-shaped organelles' (BSO cells) following the terminology of Grimmer et al. (1985) . The role of the BSO cells in the cirri of M. rotundus cannot be speci¢ed, although a purely trophic role seems unlikely considering the outspread network in connection with the comparatively few other cells in the ossicles and ligaments. We think that the network of BSO cells outside the central nerve serves the transmission of signals throughout the ossicles and ligaments; during regeneration the same cells might have trophic roles, as reported by Candia Carnevali et al. (1993) .
(b) Mechanical properties (i) Cirral ligaments consist of catch connective tissue
The present work clearly shows the presence of CCT in the cirri of a sea lily. The force against bending changed radically in response to acetylcholine. Reversible suppression by the anaesthetic propylene phenoxetol indicates that the reaction is under nervous control. The reaction can only be explained by a softening of the ligaments interconnecting the ossicles. Such a quick and drastic change in mechanical properties under nervous control is typical of CCT, a well-established characteristic of echinoderms (Motokawa 1984; Wilkie 1984 Wilkie , 1996 mechanism of CCT is not understood, but it seems that calcium translocation (Matsuno & Motokawa 1992 ) and certain proteins (Koob-Emunds et al. 1996; Trotter et al. 1996) play a key role. During our experiments we only observed softening of the ligaments in response to stimulation, although preliminary experiments using forced vibration were performed to test for both softening and sti¡ening reactions. For the majority of trials we used the stress^relaxation technique because it does not put repeated stimuli on the sample and only involves a single application of an external force at the beginning. We believe that this technique is generally less intrusive than the force vibration technique and it also allowed us to observe the active production of force.
(
ii) Acetylcholine dose^response curve in comparison
The sensitivity of the cirri to acetylcholine in the present study is lower than that of hitherto reported responses of echinoderms to acetylcholine. The acetylcholine sensitivity of CCT has only been investigated in detail by Motokawa (1981) . He reported a threshold concentration of 10 ¡7 M for the CCTof the dermis of the sea cucumber Stichopus chloronotus, two orders of magnitude higher than our threshold concentration. Other studies on the dose^response relationship of acetylcholine in echinoderms have been done using muscles. Studies on the radial muscle of the sea urchin Asthenosoma ijimai (Tsuchiya & Amemiya 1977) , on the lantern retractor muscle of the sea urchin Strongylocentrotus intermedius (Shelkovnikov et al. 1977; Kobzar & Shelkovnikov 1985) and on the tube foot muscle of the star¢sh Asterias amurensis (Protas & Muske 1980 ) all had similar outcomes, i.e. a ¡4 M in our study and at 10 ¡3 M of sea cucumber CCT (Motokawa 1981) . It seems that crinoid cirral ligaments are an ideal object for investigation of the cholinergic properties of CCTs because of their high sensitivity and clear doser esponse relationship.
(iii) Nicotinic agonists versus muscarinic agonists
Our data show that the softening of cirral ligaments is mediated via nervous circuits that employ nicotinic as well as muscarinic cholinergic receptors. As in the wellstudied vertebrate cholinergic system, the nicotinic receptors in our study reacted faster than the muscarinic receptors. However, the slow response in our study was in the order of several minutes, which is much longer than a typical muscarinic receptor-mediated reaction. The muscarinic receptors are possibly part of a more complicated network with stimulating, suppressing and feedback elements. In such a case stimulation of one element would not result in a simple all-or-nothing reaction but in a more sophisticated response whose time-line would not depend solely on the receptors involved. The almost immediate reaction at low concentrations of muscarinic agonists in some cases, as illustrated in ¢gures 9c and 10b, supports the assumption that the receptors themselves do not have reaction times of several minutes, but react comparatively quickly. A cholinergic response of connective tissue in echinoderms was reported by Motokawa (1987) for the holothurian Holothuria leucospilota, where nicotinic agonists initiated a two-phase response, ¢rst sti¡ening, then softening, whereas muscarinic agonists evoked softening only. The situation in the cirri of M. rotundus seems more complicated. Its analysis would require a complete investigation of the nervous circuits involved and is far beyond the scope of the present study. However, it is remarkable that a cholinergic system exists and that it is fairly complex. Echinoderm nervous systems are unique but poorly investigated and our ¢ndings represent a step towards a better understanding of their pharmacological properties.
(iv) Force production Force production in crinoid ligaments was described by Birenheide & Motokawa (1996) in the arm ligaments of M. rotundus and Oxycomanthus japonicus. The cirri of M. rotundus were reported to develop forces spontaneously in stress^relaxation tests. Our results show that in stressr elaxation tests employing muscarinic agonists, force production is clearly visible at low doses. Dose^response and dose^time relationships indicate that high concentrations of agonists lead to early and rapid softening, thereby masking a possible contractile e¡ect. We think that at lower doses the softening response comes late or not at all and, thus, force production is clearly discernible. This assumption is supported by data from the tests at doses of 10 ¡5 and 10 ¡6 M where we observed a period of force production followed by a marked softening, indicating the overlay of two e¡ects, contraction and softening.
The source of the force production is unresolved. Muscle cells in the cirri, possibly in the ligament, have never been reported and our own investigation has not shown any muscle cells despite an intensive search. A passive recoil of the ligament would produce force. However, as shown in an earlier study (Birenheide & Motokawa 1996) and here again, force production occurs even in isometric stress^relaxation tests after the specimen has relaxed to a certain degree. Force production by mere recoil is impossible under such conditions. A study of crinoid arms has suggested a pressurization of the coelomic canals as a possible source of movement (Candia Carnevali & Saita 1985) . However, in our study we used cut cirri with open coelomic canals which could not be pressurized and we still observed force production. Holland & Grimmer (1981) studied the cirri of stalkless crinoids and proposed that cells in the wall of the coelomic canal contain ¢laments which are contractile and could evoke movements through their location away from the central fulcrum of the cirral joint. However, their description and interpretation of the joint position and function is not applicable to M. rotundus. Our ¢gures clearly show that the central canal runs right through the middle of the central knob of the fulcrum. Any contraction of the canal tissue, whatever the mechanism, would only cause the two ossicles to press against each other ¢rmly. This would not facilitate movement, but prevent it. We therefore think that the central canal cannot be the source of the forces moving the cirri.
Having excluded all other possibilities, we conclude that the force production in cirri must be by contraction of the ligaments although the molecular mechanism remains unknown.
(v) Other stalked crinoids Baumiller & LaBarbera (1993) found no changes in the viscous properties of cirri of the sea lily Cenocrinus asterius which were bathed in seawater, distilled water or potassium-enriched seawater. Nevertheless, those authors assumed that the ligaments consist of CCT and that their method of treatment was not su¤cient to evoke changes in sti¡ness. Acetylcholine seems to be more suited for studies on whole cirri. Possibly, the media for stimulation Baumiller & LaBarbera (1993) used were too crude and stimulate various sti¡ening and softening nerves, thus preventing an identi¢able reaction. On the other hand, acetylcholine seems to stimulate softening nerves selectively and, thus, might be superior in evoking sti¡ness changes.
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